Inhibition of Proteus vulgaris B-lactamase by a new B-lactam antibiotic, PS-5 was studied kinetically. There were two stages of inhibition. In the early stage, PS-5 inhibited the Blactamase by formation of a MICHAELIS-complex, and showed a competitive inhibition pattern with Kj-value of 0.22 uM (substrate, cephaloridine).
. Structure of PS-5. 3-(2-Acetami doethyl)thio-6-ethyl-7-oxo-l-azabicyclo [3, 2, 0] hept-2-ene-2-carboxylic acid. Materials and Methods
B-Lactamase
Purified B-lactamase of Proteus vulgaris P-5 (PV-enzyme) was prepared as previously described16). The enzyme used was homogeneous by the criterion of electrophoresis and gel filtration and had a specific activity of 495 units/mg protein, where 1 unit of enzyme was defined as the amount of enzyme which hydrolyzed 1 umole of cephaloridine per minute at 26°C and pH 7.0.
Determination of enzyme activity B -Lactamase activity was determined by measuring the decrease of absorbance of cephaloridine at 255 or 290 nm with a Hitachi 200-10 spectrophotometer equipped with a thermostatted cell holder, which maintained a temperature of 26'C. The molecular absorbances before (eo) and after reaction (Q (complete destruction of cephaloridine) have been compared and the values of A ,6(=6o-Eoo, M-1 cm-1) are 9,050 at 255 nm and 2,056 at 290 nm.
Reaction of B-lactamase
Reactions were carried out in a total volume of 3.0 ml consisting of 20 Id of enzyme solution, various concentrations of PS-5 sodium, 0.5 mm cephaloridine and 0.1 M sodium phosphate buffer (pH 7.0) in a cuvette with a light path of 1.0 cm at 26'C. For a measurement of competitive inhibition of B -lactamase by PS-5 , the reaction was started by the addition of the enzyme and the initial hydrolysis rate of cephaloridine was measured spectrophotometrically over the first 0.5 minute.
Inactivation of B-lactamase by PS-5
The enzyme (0.27 unit) was preincubated with 0.31 x 10-2 MM to 6.24 x 10-2 mM PS-5 sodium in 0.1 ml of 0.1 M sodium phosphate buffer (pH 7.0) at 26°C and the remaining enzyme activity was determined from the initial hydrolysis rate of cephaloridine after adding 2.9 ml of cephaloridine (final concentration, 0.5 mm) in 0.1 M phosphate buffer (pH 7.0) at various time intervals.
Stopped-flow experiments Stopped-flow measurements were carried out using a stopped-flow spectrophotometer, Union Giken RA 1100. The drive syringes and the mixing chamber were maintained at 26°C. Kinetic data were recorded on a storage oscilloscope and later, the stored traces were recorded on a pen recorder. One sample syringe contained the substrate solution and varying concentration of PS-5 and another syringe contained the enzyme solution. Equal volumes of the two solutions were mixed in a chamber with a dead time of 10 milliseconds.
Estimation of kinetic constants Computerized calculations of MICHAELIS-MENTEN constants of the enzyme were performed using the integrated HENRI-MICHAELIS-MENTEN equation (1)18) (t,-ti)/(S,-Sj)=Km•In(Si/Sj)/Vmax/(Si-Sj)+1/Vmax (1 ) where Vmax is the maximum velocity, and Si and Sj are the substrate concentrations at reaction time ti and tj;, respectively. Y = (tj-ti)/(Si-Sj) (ordinate) and X = 1n(Si/Sj)/(Si-Sj) (abscissa) were plotted. The slope A and the ordinate-intercept B were calculated by a least-square method with a computer (IBM, CALL, TSS). Km value and Vmax_-value are given by A/B and I/B, respectively. This method was first applied to a /B-lactamase reaction by FUKAGAWA and ISHIKURA19) and the Program TI6BLASE is available from ISHIKURA on request. The data are: number of data, Ac (difference of extinction before and after complete hydrolysis of a substrate (B-lactam antibiotic), A,, (absorbance at complete hydrolysis) and pairs of data (tn, Sn). Chemicals Cephaloridine (CER) was obtained from Shionogi & Co., Ltd. PS-5 sodium was prepared in our laboratories as described in the previous paper12). The apparent steady state velocity (v2) had been first considered to be a true steady state rate, because such a phenomenon is observed in reactions with inhibitors of very low K;-value (< 10-9 M), and double reciprocal plots (1/S vs. 1/v) using the velocities determined in such manner that v2 was de- In a rapid equilibrium system, the velocity of substrate decomposition (v) in the presence of competitive inhibitor (I) is given by v=Vm.S/Km/(1+S/Km+I/Ki) (2) where S is the substrate concentration, K,,, is the MICHAELIS-MENTEN constant and K; is the inhibition constant. In a series of concentrations of PS-5 (as the inhibitor), the initial velocities of decomposition of cephaloridine (as the substrate) were spectrophotometrically determined and vo/vi was plotted against PS-5 concentration, where v0 was the velocity without PS-5 (control) and v, was the velocity of the inhibited reaction with PS-5. In these experiments, the reactions were started by the addition of the enzyme. The obtained data were compared with calculated v./v, from equation (2), where K,,,-value of 0.11 mm and K,-value of 0.22 x 10-3 mat were adopted (Fig. 4) . The experimentally obtained data were well fitted to the theoretical line. These results indicate that equilibrium between the enzyme and cephaloridine or PS-5 is rapidly attained and MICHAELIS-MENTEN equation based on a rapid equilibrium system is applicable in the initial stage of the reactions inhibited by PS-5.
Stopped-flow Experiments
For confirming the rapid equilibrium between P. vu/garis B-lactamase and PS-5, inhibited reactions were analyzed using a stopped-flow spectrophotometer with 10-millisecond dead time. 
Reactivation of Inactivated Enzyme
The enzyme was preincubated with a 75-fold molar excess of PS-5 for 5 minutes and the enzyme reaction was spectrophotometrically traced after the addition of cephaloridine (0.5 mM). Approximately 9 % of the enzyme activity remained after the preincubation and the enzyme reactivation phenomenon by an excess of the substrate was not substantially observed over 15 minutes (Fig. 7) . The enzyme (0.27 unit) was preincubated with varying concentrations of PS-5 in 0.1 ml of sodium phosphate buffer (pH 7.0) for 5 minutes at 26°C, then 2.9 ml of cephaloridine solution were added to the reaction mixture at the final concentration of 0.5 mm, and the remaining enzyme activity was spectrophotometrically determined. The molar ratio (PS-5/Enzyme) was 150 at 6.4x10-2mM of PS-5 sodium. pattern of the progressive curve was observed, i.e., initially fast, then slow, followed by a substratelimiting phase (Fig. 8) . The rate in the middle phase gave the maximum velocity (Vmax) From In the early stage, the inhibition was elucidated as a competitive inhibition based on a rapid equilibrium theory, which was confirmed by the experiments using a stoppedflow spectrophotometer. Kinetic analysis using the initial velocities that occurred during the first 0.5 minute obtained with a conventional spectrophotometer showed good coincidence with that of the stopped-flow experiments, that is, the K,-value determined with the conventional spectrophoto- This indicated that Vmax (proportional to the total enzyme) was decreasing with time, or K,,,-value was changed with time, that is, the enzyme was being inactivated slowly or conformationally changed with time as the reaction was progressing. From the observation of the time course of the initial part (0 -1 minute) of the inactivation experiments in Fig. 6 , pseudo-first-order rate constants of 0.012 second-1 (0.72 minute-1) (PS-5 1.56 x 10-2 mm) and 0.0243 second-1 (1.46 minute-1) (PS-5 3.12 x 10-2 mM) were obtained.
From the pseudofirst-order rate constant, the second-order rate constant could be calculated to be 7.7-7.8 x 102 M-1 second-1, which was considered to be a slow reaction because general enzyme reactions had the value ranging 1.2 x 104 -101 M-1 second-1 24).
This fact suggested a slow complex-formation. An exponential inactivation rate constant (k') of 0.24 minute-1 (at PS-5 6.25 x 10-3 mM) was obtained using the same data as in Fig. 8 at the first 5 minutes according to the hysteretic enzyme model, or Mechanism II defined by FRIEDEN22) (Fig. 9) . This value was comparable with that obtained in Fig. 6 (0.72 minute-1 at PS-5 1.56 x 10-2 mm corresponded to 0.29 minute-1 at PS-5 6.25 x 10-3 mM). Assuming, for simplicity, that complications of PS-5 degradation and enzyme reactivation were not present during the first 5-minute preincubation, the data of Fig. 6 were analyzed in terms of irreversible inactivation, applying equation (1) of KITZ and WILSON23) to the following scheme: KI k3 E+I±EI->E'+Ip E'->E e=(E)+(EI)=E0-(E') -In (e/E0) = k3 . t/(1 + K,/I) (3) Fig. 9 . Estimation of an exponential inactivation rate constant (k') defined by FRIEDEN. Vt is the velocity at time t, Vf is the velocity at the steady state (5-10 minutes), Vo is the velocity at t = 0 and k' is a complex rate constant of FRIEDEN.
The velocities were measured from the slope during every 0.5 minute using the same data as in Fig. 8 . 1980 KI is the dissociation constant for the initial reversible complex, and k, is the first-order rate constant for the conversion of the reversible complex to the irreversibly inhibited enzyme. Eo is the total enzyme concentration, E is the active enzyme and E' is the inhibited enzyme. 1p is the degradation product of I (PS-5). The equation (3) can be inverted, as in the LINEWEAVER-BURK plotting procedure to give:
(-5)/ln(e/E0)=(Km/Vmax)(1/I)+1/Vmax (4) where Km and Vmax replace KI and k3 of KITZ and WILSON, respectively. (-5)/ln(e/Eo) replaces 1/kapp of KITZ and WILSON.
The apparent remaining enzyme activities of Fig. 6 must first be corrected to account for reversible inhibition by residual PS-5 before employing the LINEWEAVER-BURKE plot. The required data were calculated using the same data as in Fig. 6 and were shown in Table 1 . The K,,, and Vu,a, for the inactivation were estimated from the intercepts of abscissa and the ordinate of a plot of (-5)/ ln(e/Eo) versus 1/I by a computer-assisted least square method. The Km and Vmax values obtained were 6.3 x 10-3 mm and 0.415 minute-1 (at 2.7 enzyme units/ml), respectively. This K. is approximately 30 times the value for the K; of reversible inhibition or the Km for PS-5 degradation (0.22 x 10-3 mm). Thus the data of Fig. 6 indicate that the reversible inhibition complex (MICHAELIS complex) cannot lead directly to the inactivated enzyme. Some complex other than that observed for reversible inhibition must precede the inactivation, and it is conceivable that enzyme with less activity, undergoing probably conformational changes, is preceding the inactivation.
The recovery of enzyme activity during the preincubation as shown in Fig. 5 seemed not to have a parallel relation with the decomposition of PS-5. When preincubation was started in the concentration of 1.56 x 10-3 mm, the concentration of PS-5 became 0.78 x 10-3 mm (half the initial concentration) after 15 minutes, and at this time, CER hydrolysis velocity (v,) gives 0.167 of V,,,, by adding 0.1 mm CER based on equation (2) . The Vmax of CER hydrolysis without PS-5 (Vo) is calculated to be 0.467 of Vmax at 0.1 mM CER from the equation (2) . Consequently the inhibition per cent (100 (Vo-Vi)/Vo) at 0.78 x 10-3 mm PS-5 was expected to be 65 %. On the other hand, the observed inhibition per cent was 83%. Similarly, when the preincubation was started at the concentration of 3.13 x 10-3 mm PS-5, the expected inhibition and the observed inhibition per cent were 79 % and 93 at the time of 40-minute preincubation, respectively. Furthermore, at the time when PS-5 was substantially depleted (specific UV-absorption at 301 nm was less than the detection limit), considerable inhibition still remained, and over 60 minutes were required for the 100% recovery of the enzyme activity. This reactivation process had approximately 0.03-0.05 minute-1 of a first-order rate constant (Fig. 5) . This reactivation rate is substantially slower than the turnover rate for PS-5 degradation calculated from Fig. 8 (approximately 2-3 minute1) . This also shows that inactivated enzyme is not an intermediate in the main degradation reaction. The delay of recovery of enzyme activity after the substantial depletion of PS-5 might be due to a conformational change of the enzyme, but a possibility that some part of the delay is caused by reaction products of the B-lactamase may not be denied. Unfortunately products from both a normal MICHAELIS-complex and a transiently bound enzyme-PS-5 complex are not yet confirmed.
The fact that substantial reactivation of the enzyme activity by the addition of excess substrate was not observed provides an additional evidence that some inactivated form other than a MICHAELIS-complex exists (Fig. 7) .
A possible speculation made from the above considerations is that the formation of inactivated enzyme, which may be a conformational change, slowly occurred after the rapid formation of a MICHAFLIS-complex, and some modified complex may be formed preceding the inactivated enzyme.
